Effects of highly absorbing pigments on near infrared cured polyester/melamine coil coatings  by Mabbett, Ian et al.
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In  order  to  expand  available  colour  range  for  an  industrial  coil  coating  line  a range  of 25  m  polyester
melamine  coatings  were  applied  to galvanised  steel  substrate  and  rapidly  cured  using  near infrared  (NIR)
radiative  curing.  The  purpose  was  to improve  understanding  of  this  relatively  new  curing  technology
and  identify  any  problems  associated  with  differing  absorption  of  a range  of  coloured  coatings.  It  has
been  suggested  that  in  order  to  increase  efﬁciency  of  NIR  cure,  NIR absorbers  should  be  added  to theeywords:
IR
ear-infrared
oil-coating
ast-cure
coating  formulation.  UV/Vis/NIR  spectroscopy  was  used  to  deduce  the parts  that  coating  and  substrate
absorption  play  in  topcoat  cure  and  lab  scale  trials  were  run  on  coatings  throughout  the  colour  range
with  their  heating  proﬁles  and  surface  ﬁnish  being  recorded  and  assessed.  The  results  showed  that  in
this particular  application  having  a  coating  that  absorbs  too  strongly  in  the  NIR region  can  actually  result
in solvent  boil  defects  due  to  cross  linking  and  ﬁlm  formation  occurring  prior  to  solvent  removal.olyester/melamine
. Introduction
Industrial coil coating can be deﬁned as a continuous, high-
peed process for depositing a coating onto a metallic substrate,
requently galvanised steel. Traditionally these coatings have
een cured with large gas ﬁred convection ovens at around
00–120 m min−1. The higher the line speed the more material can
e produced annually. Fast radiative cure techniques allow higher
ine speeds up to 150–180 m min−1 [1] which can allow direct inte-
ration with a galvanising line. Other advantages include a smaller
ven footprint and a more energy efﬁcient cure per square metre
r material produced resulting in lower costs and a reduced carbon
ootprint [2].
In the construction sector, 20–25 m polyester coatings on
alvanised steel are commonly used in rooﬁng and cladding
pplications [3]. Polyester (PE) resins are thermosetting resins com-
only cross-linked with hexamethoxymethylmelamine (HMMM)
1,2]. The 30–45 s dwell time in a gas ﬁred convection oven allows
ime for solvents to be removed as sample heats up to a peak
etal temperature (PMT) of 216–232 ◦C so that the solvent is fully
emoved before acid catalysts are unblocked and promote cross
inking to give full cure. 45 s at 120 m min−1 would result in an
ven length of 90 m and any increase in line speed would require
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an even larger oven and a considerable increase in gas consumption
[4,5].
Near infrared (NIR) can be used to cure polyesters in <10 s under
the lamps with reportedly little modiﬁcation to convection formu-
lations [6,7]. NIR is between the visible and infrared regions of the
electromagnetic spectrum. NIR is a radiative curing technique but
unlike UV cure it is essentially a fast thermal method of cure. Radia-
tive curing techniques offer energy efﬁciency advantages because
the heating is produced by direct absorption by the material itself
meaning there is no need to preheat an entire oven and changes in
settings can feed back almost instantly on panel temperature. Over
the range of 250–2500 nm the NIR lamps used in this investiga-
tion give an output of 250 kW m−2 with the majority of the energy
focussed between 800–1200 nm.  It is important to note however
that the tungsten halogen technology does have a broad emission
curve as predicted by black body emission theories and as such
there will be emission throughout the visible range as well as the
NIR region, where the emission peaks. Theory suggests [8] that NIR
radiation is able to penetrate deeper into an organic coating than
mid  range infrared and heats the coating uniformly without wast-
ing energy heating the substrate [9–11]. In fact, in earlier research,
the authors suggest that heating the substrate should be avoided
all together and to focus on heating the topcoat itself to improve
energy efﬁciency. However, more recent research [12–14] suggests
Open access under CC BY license. that substrate absorption can be signiﬁcant and is one of the reasons
that at fast line speeds it is often easier to cure coatings with low
absorption than those with higher absorption of the incident radia-
tion. At slower line speeds or for different coating systems there are
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Table  1
Range of substrate with absorption investigated.
Substrate Galvanised Surface Composition
Galvalloy/Galfan 95.2 wt% Zn, 4.8 wt% Al
Magizinc 96.8 wt% Zn, 1.6 wt% Mg, 1.6 wt% Al
HDG 99.8 wt% Zn
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◦Zalutite/Galvalume 55 wt% Al, 43.5 wt%  Zn, 1.5 wt% Si
Iron  N/A (just bare iron)
ndeed merits for increasing topcoat absorption to increase energy
fﬁciency but this is not always true in all systems. In order to cure
 cross-linking coating in a vastly reduced time there needs to be a
odiﬁed cure proﬁle allowing for a two stage cure, one oven zone
eating the material to a temperature at which solvents evapo-
ate, then a small dwell time to allow for their complete removal,
ollowed by a second heating zone to initiate cross linking.
In this study the absorption characteristics of 25 m polyester
oated galvanised steel was investigated to establish what effect
he coating absorption has on cure using NIR radiation. On a com-
ined galvanising and paint line in industry it has been noticed that
olours that absorb less incident radiation are easier to cure than
he more absorbing coatings which is contrary to the theory in the
iterature at the time of commissioning the line. Whilst colour itself
s not an indicator of NIR absorption or reﬂectance the operators of
hese production lines may  be making these observations based
n two principles; the absorption of the visible light emitted at
igh intensity from the NIR lamps and also as they are dealing with
rganic coated steel for exterior construction applications there is
n appetite against changing to higher cost NIR transparent tinting
igments which may  not be proven in weathering tests in these
ormulations so they are likely to be using carbon black to tint.
arbon black is a broad wavelength range absorber and certainly
bsorbs strongly in the wavelengths emitted by tungsten halogen
IR lamps. Through spectroscopic studies and by examining heat
roﬁles and surface ﬁnish of lab samples cured with an AdPhos
oil lab unit it is proposed that the substrate absorption plays a
ore important part than initially expected and is advantageous in
he cure of less absorbing samples. Moreover the addition of NIR
bsorbing pigments has previously been proposed [8] as a method
o increase energy efﬁciency of NIR cure but this work suggests
hat this could increase risk of solvent boil and poor surface ﬁnish.
owever, better understanding of how the NIR radiation interacts
ith coating and substrates enables relevant modiﬁcations for for-
ulations and cure proﬁles to improve this situation for a colour
ange.
. Experimental
.1. Substrate
Steel can be protected from corrosion by galvanising with zinc
ich coating alloys. The two types of galvanised coating of interest to
his study were hot dip galvanised steel (HDG) and Magizinc, since
hese are the commercial choices for exterior polyester products for
ooﬁng and cladding. However zinc has a pronounced absorption
eak in the NIR range so other substrates were evaluated to show
ow this zinc peak is altered with each type of galvanised surface.
he composition of each of these surfaces is given in Table 1.
.2. Paint formulationPolyester melamine paints were formulated at the BASF coatings
abs in Deeside. A range of colours were produced using near
ommercial formulations modiﬁed slightly for NIR fast cure appli-
ations. Each of the colours has a different NIR absorption. AllCoatings 76 (2013) 1184– 1190 1185
pigment were milled to below 15 m measured using a Hegman
gauge. Paints were speciﬁed to be between 40 and 50% gloss at 60◦
and viscosity checked to take 65–70 s to drain a DINN 4 ﬂow cup at
21 ◦C. White and silver metallic paints are particularly important
commercially. Table 2 shows the formulation of these paints, but
due to their proprietary nature detail on solvent blends and actual
pigments used must be withheld.
2.3. Spectroscopy
UV/Vis/NIR total reﬂectance spectra were recorded for a range
of metallic substrate using a Perkin Elmer Lambda 750S high per-
formance spectrophotometer. Total reﬂectance combines specular
and diffuse components of sample reﬂectance. Since metallic sub-
strate is totally opaque what is not collected in total reﬂectance can
be assumed to be absorbed. Clean metallic surfaces tend to have
low emissivities meaning the radiation that does get absorbed is
retained strongly heating the substrate efﬁciently under irradiance
with NIR curing lamps.
The paints were cured into 20 m free ﬁlms to allow UV/Vis/NIR
spectra to be measured in both reﬂectance and transmission. Total
reﬂectances of each of the paints cured on galvanised steel were
also recorded. This allows for a more thorough examination of the
major contributors to the absorption, heating and thus curing of
the coatings for each of the colours in the full paint system.
The industry tends to describe cure in terms of resistance to
solvents. In particular it is common to assess cure by the number
of double rubs with 2-butanone (methyl ethyl ketone or MEK) the
coating can endure before substrate becomes visible. MEK  testing
of this kind is somewhat subjective but ASTM D4752 describes con-
trols that can be put in place such as the type of cloth used, etc. to
make it less so. It is also possible to use Fourier transform infrared
spectroscopy to assess cure of polyester melamine paint systems
[15]. A Perkin Elmer spectrum 100 FTIR spectrophotometer was
used to record FTIR spectra of each sample, utilising a diamond
universal attenuated total reﬂectance accessory (UATR). The area
of a reference peak associated to ‘ester’ carbonyls on the polyester
backbone can be compared to a candidate peak from in-plane defor-
mation vibration of the triazine ring of the HMMM  cross linker. A
more detailed look at the ﬁne structure of all the spectra compiled
for the polyesters in this study identiﬁed those peaks at around
1722 cm−1 and 1545 cm−1, respectively. Calibration curves were
also drawn up comparing these ratios to samples cured in a conven-
tional oven for a given period of time. Where samples are referred
to as cured this means that the ratio of these peaks is equivalent to
a conventionally cured sample having reached a peak metal tem-
perature (PMT) of 230 ◦C or greater and having survived 100 double
rubs with 2-butanone.
2.4. Convection and NIR cure
To carry out cure studies using conventional heating or
NIR, panels of substrate were bar coated with wire wound K-
bars or Meyer bars as described in ASTM D4147. Panels of
200 mm × 100 mm  × 0.49 mm  with 5 m clear chrome free pre-
treatment primers were coated with 60 m wet ﬁlms to give dry
ﬁlm thicknesses of 20 m of polyester topcoat. These panels had
cure proﬁles measured with k-type thermocouples (spot welded to
the centre of the back side of the sample) and an omega TC-08 data
logger and the same set of panels were used for spectroscopic stud-
ies described above. Convection cure was  carried out using a Mathis
convection oven set to 450 ◦C. Dwell times of 40–45 s achieve PMT’s
of 220–230 C at this sample size. This is well within the polyester
speciﬁcation of 216–232 ◦C for full cure at 20 m.
Lab scale NIR curing was  carried out using an AdPhos coil lab
V2. The AdPhos equipment consists of a set of six tungsten halogen
1186 I. Mabbett et al. / Progress in Organic Coatings 76 (2013) 1184– 1190
Table 2
Polyester topcoats produced in a range of colours.
Colour Polyester resin/wt% Solvent/wt% TiO2/wt% Carbon black/wt% Other pigments/wt% Other additives/wt%
White 34.54 24.87 25.21 15.38
Black 48.05 25.44 4.1 22.41
Green 39.4 26.46 0.77 0.11 13.47 19.79
Brown 45.87 21.06 0.71 0.99 10.33 21.04
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Experience has shown that commercial black and silverRed  42 22.23 1.25 
Clear 56.44 18.49 
Silver 48.28 23.85 
amps in a module with an output equivalent of 250 kW m−2 and
 sample holder to carry wet coated substrate under the lamp
odule. Fast cure of polyesters requires two distinct cure stages.
irst the sample must be heated to a temperature where solvents
re removed. Once the volatile solvents have been removed the
oating must be heated to a cross linking temperature. If cross
inking occurs before the volatiles are fully removed, the ﬁlm will
orm too early and the ‘escaping’ solvents will cause solvent boil
listers on the surface. In NIR cure there is less time for this to
ccur discreetly and on the coil lab there is only one lamp module.
owever the lab unit can achieve a two stage cure by passing the
amples through the oven once to remove the solvent and achieve
 cross linking PMT  on the return journey.
. Results and discussion
.1. Spectroscopic studies
The UV/Vis/NIR total reﬂectance spectra of a range of metal-
ic substrates (Fig. 1) showed that different galvanising alloys can
esult in differing absorption characteristics. Whilst all the sam-
les appear highly reﬂective there is still signiﬁcant absorption.
urface cleanliness and roughness will affect absorption and gauge
nd emissivity of the substrate will also inﬂuence how effec-
ively it heats up under NIR irradiation. Of particular interest in
he reﬂectance spectra is the peak associated with Zn at around
000 nm,  this absorption is in the region of the maximum emis-
ion from the NIR source and would suggest enhanced heating
f galvanised coatings that are exposed to the lamps. For exam-
le, in the case of Magizinc vs. HDG (both 0.49 mm gauge) average
otal reﬂectance over the whole spectrum are 72% and 88%, respec-
ively (but with reﬂectance at max of the output spectra of the
dphos emitters of 46% and 57%, respectively) and this resulted in
he Magizinc reaching a PMT  of 208 ◦C vs. 195 ◦C reached by the
DG sample when irradiated at 12 m min−1 with 90% power on
rst pass through oven and 60% power on second pass.
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Fig. 1. UV/Vis/NIR total reﬂectance spectra of a range of metallic substrates.0.21 14.64 19.67
25.07
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Hot dip galvanised steel (HDG) was coated with a range of
colours of polyester topcoat and the total reﬂectance was measured
in the UV/Vis/NIR regions as shown in Fig. 2. These spectra show as
we would expect that the white polyester reﬂects the most incident
light and the black polyester absorbs the most in the visible region,
but in the case of these near commercial paints this trend extends
into the NIR as well, most likely due to differing amounts of car-
bon black as shown in Table 2. All the other colours are in between
these two extremes. Closer examination of the spectra reveals an
absorption peak in the white polyester spectrum that matches the
effect of Zn on the HDG spectra in Fig. 1. This could suggest that
some radiation makes it through the topcoat and interacts with the
substrate. TiO2 pigment in the white polyester gives the coating
its colour by reﬂecting well in the visible region 380–780 nm but
becomes more transparent in the NIR region. The silver polyester
shows a peak nearer 800 nm characteristic of the aluminium ﬂake
used to achieve its metallic ﬁnish.
Once it was established that substrate absorption and heat-
ing could be signiﬁcant 20 m polyester free ﬁlms were formed
for each colour by coating onto PTFE coated steel and curing in
a convection oven. The transmission UV/Vis/NIR spectra of these
coatings was then recorded in order to determine any transparency
because if some of the light emitted by the NIR source makes it
through the topcoat as suggested in Fig. 2 then substrate absorp-
tion play a signiﬁcant part in the cure of the paint and should be
examined further. The spectra in Fig. 3 do in fact show that the
white polyester does allow some light through to the substrate,
particularly in the NIR region. Although silver shows around 50%
reﬂectance the other 50% is very efﬁciently absorbed by the coat-
ing with no light getting through to the substrate. Black polyesters
also absorb all incident radiation in the coating itself and the noise
in this spectrum shows how difﬁcult it can be to attenuate against
such a strong absorption.polyester coatings on galvanised steel are more difﬁcult to cure
than white coatings. All the other colours tend to fall in between
these two extremes in terms of ease of achieving a good cure with
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Fig. 2. UV/Vis/NIR reﬂectance curves of some polyesters of varying colour.
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Fig. 5. Temperature proﬁles of a white and black polyester heated using the same
The wider the range of parameters over which each coating can
be cured the better as this should facilitate its introduction to
full scale roll to roll production with less challenges Currentig. 3. Vis/NIR transmission through free ﬁlms of clear, white, black and silver
olyesters (400–2500 nm to avoid PE UV absorptions).
 satisfactory surface ﬁnish and a reasonable window of operating
arameters to ensure consistent quality. Black and silver coatings
re more prone to solvent boil, where the topcoat has fully cured
rior to full removal of solvents, trapping them and resulting in
listers. The spectra show that the more difﬁcult colours to cure
end to absorb all incident radiation in the topcoat itself whereas
he more successfully cured coatings allow some radiation to pass
hrough to substrate, interact there raising substrate temperature,
hen pass back through the topcoat. This suggests that some level
f transparency of the topcoat to NIR radiation is a good thing,
llowing the metal substrate to heat, driving solvents upwards
nd preventing the early ﬁlm formation associated with total
bsorption occurring in the topcoat (potentially within the ﬁrst
ew m for black and silver coatings).
.2. Cure proﬁles
Since there is a difference in absorption of NIR by these particu-
ar coatings of different colour the power settings must be altered
o allow different colours to reach an appropriate peak metal tem-
erature (PMT) to cure in a given time. PMT  is actually not a very
ood indication of the temperature the coating reaches in fast cure
perations because there is not as much time for coating and metal
ubstrate to equilibrate which is very clear in the case of highly
IR absorbing samples which appear to cure at lower PMTs than
xpected and burn if they reach the target PMT. There are addi-
ional problems when measuring temperature with thermocouples
ecause the thermocouples themselves may  absorb NIR and heat
0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
White Polyester (PMT 218  °C)  Black Polyester (PMT 228  °C) 
Ad
Ph
os
 la
m
p 
po
w
er
 /
 %
Power on ﬁrst pass 
Powe r on second  pass  
ig. 4. The difference in power settings required for white and black polyesters to
each equivalent PMTs.NIR settings, showing the increase in PMT  reached by the black, compared to the
white coating.
up. Fig. 4 highlights the difference in power settings required for the
white coating vs. the black coating to reach PMTs in a similar range
(218 ◦C for white and 228 ◦C for black). Here again the two passes
are used to replicate the commercial oven where the two  zones are
used to control ﬁrstly solvent loss and then in the second pass cross
linking. Furthermore the black sample showed signiﬁcant solvent
boil in these conditions and the sample would therefore not pass a
quality test (as can be seen in Fig. 6).
If the line speed and power of the NIR unit are kept constant
but the NIR absorption of the topcoat is changed for a particular
substrate then the samples will reach different PMTs. The near com-
mercial paints used in this investigation have varying amounts of
carbon black and other pigments that absorb strongly in the regions
of intense emission from the AdPhos lamps and thus in this practical
case coatings of different colour appear to reach different PMTs. The
temperature proﬁle of NIR cured white and black 20 m polyester
topcoats on 200 × 100 × 0.49 mm HDG substrate coated with 5 m
pre-treatment primer are given in Fig. 5. It is clear from this data
the importance of the NIR absorbance of the coating and its heating
rate.
In order to produce the full colour range, all have different
absorption characteristics, and therefore the range of settings
through which each can be successfully cured varies widely.Fig. 6. Solvent boil defects in black polyester coating (left hand side of image).
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Table 3
How well each coating cures and its robustness to process variability, using a curability scale from 1 to 5 where 5 is good process window and 1 means the sample does not
cure  well at all.
Colour Reﬂectance at 920 nm
(max emission at 100%
power on AdPhos lamp)/%
Range of line speeds
with successful
cure/m min−1
Range of power settings
with successful cure/% per
lamp run
Curability
White 69 9–15 10 5
Red  18 9–15 5 4
Green 16 9–15 2 3
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aBrown 7 9–15 
Black  4 12 
Silver  44 12 
ommercial white polyesters have the largest window of oppor-
unity in terms of altering parameters with no detrimental effects
o the ﬁnish and black and silver polyesters were the least robust
o altering settings. This is because the white has very little
bsorbance in the NIR. These blacks use carbon black as their
igment and this absorbs strongly in the NIR. Alternative black
igments with lower NIR absorption such as paliogen black for
xample have been tried during this investigation, but the visible
omponent of the NIR lamps emission still heated them rapidly and
he increase in cost and lack of corrosion and weathering data in this
articular context means that their adoption in products guaran-
eed for exterior rooﬁng and cladding material is unlikely. Likewise
or silver metallics, the aluminium ﬂake absorbs NIR strongly and
ts low emissivity means it retains that heat well. Alternatives with
ower absorbances and higher emissivities such as mica just do not
ive the same appearance, which is noticeable in such a popular
roduct. The other colours tested fell within these two extremes of
IR absorption; the actual orders given in Table 3; where 5 means
he sample cures well with good process window, 4 means good
ure achieved with smaller cure window, 3 suggests cure achieved
ut with little margin for error, small cure window meaning any
etting changes are problematic. 2 means cure is only achieved with
mperfections on the topcoat and 1 just does not cure well at all.
In the ﬁeld of solar thermal heating the importance of
bsorbance (and therefore colour) is understood. In that context a
olar reﬂective index (SRI) (ASTM 1980) is calculated which enables
rediction of steady state temperatures reached due to insolation.
n simple terms, ASTM 1980 explains that for a surface that is
xposed to the sun, with a conductivity of zero, that surface will
each a steady state temperature that is described by Eq. (1).
l = ε(T4s − T4sky) + hc(Ts − Ta) (1)
here ˛, solar absorbance = 1 − total solar reﬂectance; l, solar ﬂux
W m−2); ε, thermal emissivity; , Stefan Boltzmann constant
5.66961 × 10−8 Wm−2 K−4); Ts, steady state surface temperature
K); Tsky, sky temperature (or ambient away from surface) (K); hc,
onvective coefﬁcient (Wm−2 K−1); Ta, air temperature (or ambient
ear surface) (K).
So for a known emissivity and solar reﬂectance Eq. (1) can be
olved iteratively at different values of convection coefﬁcient to
ork out the steady state temperature.
In practice in the context of SRI calculations the alternative
pproach in Eq. (2) is used and the solar reﬂective index is deﬁned
y Eq. (3).
s = 309.7 + 1066.07a − 31.98ε6.78ε + hc −
890.94˛2 + 2453.86˛ε
(6.78 + hc)2
(2)RI = 100 Tb − Ts
Tw − Ts (3)
here Tb and Tw are steady state temperatures reached by black
nd white surfaces, respectively. SRI is usually used under standard2 3
1 2
0 1
solar and ambient conditions so that Eq. (3) can be reduced to Eq.
(4).
SRI = 123.97 − 141.35 + 9.65552 (4)
where  = ((  ˛ − 0.029ε)(8.797 + hc))/(9.52053ε + hc).
AdPhos supply a spread sheet that calculates ﬁlament temper-
ature at different power settings for their lamps (Eq. (5)). If this is
used in conjunction with Planck’s law for spectral irradiance (Eq.
(6)) and the emissivity of tungsten in the ﬁlament is applied then
a theoretical black body emission curve can be produced for each
power setting.
T =
(
U
U0
)
T0 (5)
where T, colour temperature at operation voltage (K); U, operation
emitter voltage = % power on control panel × 380 V; U0 = nominal
emitter voltage = 400 V; T0 = colour temperature at nominal volt-
age = 3200 K.
R() =
(
2c2h
5
)
1
ehc/kT − 1 (6)
where , wavelength and this can be solved for the range
300–2500 nm for this application; c, speed of light (3 × 108 ms−1);
h = Planck’s constant (1.38 × 10−23 J K−1); k = Boltzmann constant
(4.1 × 10−15 eV s−1); T = temperature of the emitter or for non per-
fect black bodies can be εT with ε representing emissivity. In this
case T can be taken to mean T from Eq. (5) multiplied by the emis-
sivity of the tungsten emitter.
Alternatively emission at each power setting can be estimated
using spectrometers such as the Ocean Optics HR2000+ coupled
with an NIRQuest to give empirical measurement covering the
required range of wavelengths.
These emission curves could be used to replace the AM1.5 solar
weightings described in ASTM E903 for total solar reﬂectance (TSR)
calculation, which is subsequently entered into the SRI calcula-
tions. 5 nm resolution of the spectra is used and essentially the
lamp emission at each wavelength in Wm−2m−1 is multiplied
by 5 to cover the 5 nm resolution and this ﬁgure is then multiplied
by the reﬂectance of the surface at that wavelength, expressed as a
decimal. This would then weight the total reﬂectance of the sam-
ple surface at each wavelength to the available irradiance from the
emission of the AdPhos lamps. Replacing the Solar Absorbance (1-
TSR) term in Eqs. (1)–(4) with this new value would allow the
predicition of the surface temperature reached if a totally non-
conductive material was left under NIR irradiation until a steady
state environment was  set up. Within the SRI calculations emissiv-
ity of the sample is required. This can be measured using a ‘Devices
and Services AE1 emissometer’. There is also a term for solar ﬂux or
total insolation, in this case that would be related to the emission of
AdPhos lamps and would either require application of the Stefan-
Boltzmann law for radiant intensity (Eq. (7)) or the integration of
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A  A’?   E? ig. 7. Different ways that the NIR can interact with the paint system and its metallic
ubstrate.
alculated or measured spectra over a known area of irradiance (Eq.
8)).
I(T) = T4 for a black body or
I(T) = εT4 for a real material
(7)
I(T) =
∫ ∞
0
R()d or in this case
I(T) =
∫ 2500 nm
300  nm
R()d
(8)
here is also a convective coefﬁcient hc in the SRI calculations, usu-
lly to estimate the effect of heat transfer by wind on a solar thermal
eater, which could be replaced with a term to describe the effect
f air ﬂow within the lamp zone’s extraction system. To work prop-
rly in this new context the SRI calculations need to be modiﬁed
o allow for time dependency (differentiating Ts with respect to
ime) since typical times in NIR lamps will not allow equilibration
o steady state conditions and the sample is also not totally insu-
ating so substrate size and gauge and coating thickness needs to
e taken into account since their thermal mass will affect the tem-
erature reached. Finally there is a further complication created by
he two passes through the lamp zone in lab unit cured polyesters.
hese complicated interactions of all of the factors discussed make
emperature predictions difﬁcult but work is on going to ﬁnd ways
f predicting PMT for given process conditions using just sample
eﬂectance, emissivity and physical dimensions.
.3. Absorption of NIR radiation by each part of the pre-painted
alvanised steel system
Coatings that cure easily with NIR tend to have some trans-
arency in the topcoat allowing the radiation to pass through to the
ubstrate and heat from the bottom of the paint coating upwards.
here are a number of ways that the incident radiation can interact
ith the system and in reality each mechanism of absorption or
eﬂectance will occur to some extent. Fig. 7 shows all the ways that
ncident radiation can interact with a coating system. For a coating
hat behaves similarly to a white polyester all of these mechanisms
ill contribute to the cure.
In this case A refers to coating absorbing, A′ is where coating
bsorbs but with better penetration, B involves radiation making
ts way through the coating and being absorbed by the substrate,
 radiation makes it through coating and is reﬂected back by
ubstrate and is absorbed in coating on way back through, D radia-
ion makes it through coating and is reﬂected back by substrate
nd escapes through coating, E radiation is reﬂected at surface
f paint. All the same interactions would be possible with pre-
reatment/primer and any other layers. This example only deals
ith irradiation from the top surface.
Darker, more absorbing coatings tend to behave more like black
olyesters. Looking in more depth at the possible interactions of
he NIR radiation with the system it can be seen that the majorFig. 8. How NIR interacts with a highly absorbing coating.
contributor in this case is absorption by the topcoat (Fig. 8), close
to the surface, as suggested by spectroscopic study of each layer
and the system as a whole. The question marks in Fig. 8 refer to
there being a possibility at very high loadings of a highly absorbing
pigment that there will be little signiﬁcant reﬂectance from the
surface and that the NIR may  not penetrate past the top few microns
of the surface. This is why  moderate content of highly absorbing
pigments such as carbon black or aluminium ﬂake can in fact make
it very difﬁcult to successfully cure a 25 m polyester coating on a
galvanised steel substrate at a speed that is typical for roll to roll
production on a coil coating line.
This increased understanding of how NIR  interacts with coatings
and substrate commonly used by coil coating industries explains
many of the defects experienced on production lines when colour
(and in practical terms this change often affects the NIR absorption)
is varied. Using this knowledge temperature proﬁles in industrial
processes can be tailored to the product required. Various ways of
decreasing the NIR absorption of the topcoat and increasing the
rapid heating of the substrate–coating interface have also been
suggested and subsequently tested [16]. These include modiﬁed
solvent blends and slower catalysts, use of NIR transparent pig-
ments to replace carbon black for tinting or creating a metallic
effect without using aluminium ﬂake. Increasing absorption of sub-
strate and modifying the cure proﬁles and settings have also been
investigated. To avoid solvent boil the best approach is to ensure
the topcoat has some transparency to the NIR and the substrate
absorbs with some efﬁciency. NIR can then be used to heat the
system in a two stage cure proﬁle, ﬁrst to a temperature where sol-
vent is removed, then after a small time for the continuation of this
evaporation a second heat zone is utilised to bring the coating to a
temperature where blocked acid catalysts are unblocked so rapid
cross-linking can occur. All of this must happen in less than 10 s and
leave a fully cured surface with no solvent boil or other defects.
4. Conclusions
NIR is becoming a popular option for rapid cure of coatings in
the coil coating industry particularly where fast line speeds are
required or where there is limited space for the large footprint of
a convection oven. NIR technology has the potential to reduce the
cure time of a 20 m polyester coating on a galvanised steel sub-
strate from 30 to 45 s via conventional heating methods down to
<10 s under the lamps. This offers obvious advantages in terms of
increased production and removing bottlenecks from a continu-
ous coil coating process. It is suggested that there are signiﬁcant
energy efﬁciency beneﬁts too since with all radiative curing tech-
niques the absorption takes place in the material itself so there is no
need to preheat large ovens and there is an instant feedback if any
parameters need to be changed in the oven. The use of absorbing
pigments to boost energy efﬁciency has been suggested by some
groups for certain products, however this may not work in all cases
since too much absorption in the top few microns of a cross-linking
polymer may  initiate ﬁlm formation prior to full removal of any
solvents.
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[15] W.R. Zhang, C. Lowe, R. Smith, Depth proﬁling of coil coating using step-scan190 I. Mabbett et al. / Progress in Or
Spectroscopic studies of coatings and substrate are the ﬁrst port
f call in understanding how each part of the system is likely to
eat up when irradiated. Thermo gravimetric analysis (TGA) can
e useful to understand what temperatures solvents are likely
o be removed at and also if there is limited knowledge of the for-
ulation then TGA can ascertain the percentage of solvents on the
ix. Lab based cure trials collecting cure proﬁles and surface ﬁnish
etails can deduce the best routes for successful NIR cure in each
ase. When dealing with industrial coil coatings for exterior appli-
ations it is likely that they will be tinted with carbon black, which
as a broad absorption and is a strong absorber in the NIR region. In
hese cases the colour of a coating will give a good hint as to its NIR
bsorption characteristics and therefore its cure performance but
hese are anecdotal and no replacement for full characterisation
f a coating’s absorption at the full range of wavelengths emitted
y the curing lamps combined with lab scale cure trials prior to
ttempting to cure a particular formulation on a full scale produc-
ion line. Whilst energy efﬁciency can be improved by adding highly
bsorbing pigments, a true understanding of the fundamentals of
ach system is required ﬁrst because in some cases such as rapid
ure of industrial coil coatings too much absorption can lead to sol-
ent boil and unacceptable surface ﬁnish. The ideal situation in this
ase is to have a topcoat which is slightly transparent to NIR and an
bsorbing substrate to heat the coating from the bottom up in a two
tage process which separates solvent removal from cross linking
nd ﬁlm formation.
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